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Healing Microcracks and Early Warning Composite Fractures 
Shang-Lin Gao1, Jie Zhang2,  Jian-Wen Liu3,  Rong-Chuang Zhuang4, 
Rosemarie Plonka5,  Edith Mäder6 
Summary: A functional nanometer-scale hybrid coating layer with multi-walled 
carbon nanotubes (MWCNTs) and/or nanoclays, as mechanical enhancement to 
‘heal’ surface microcracks and environmental barrier layer is applied to alkali-
resistant glass (ARG) fibres. The nanostructured and functionalised traditional 
glass fibres show both significantly improved mechanical properties and envi-
ronmental corrosion resistance. Early warning material damage can be achieved 
by carbon nanotubes concentrated interphases in the composites. 
Zusammenfassung: Eine funktionale nanometerskalige Hybridbeschichtung mit 
multi-walled carbon nanotubes (MWCNTs) und/oder Nanoclay wurde als me-
chanische Verbesserung des „Ausheilens“ von Oberflächen-Mikrorissen und Bar-
riereschicht gegenüber Umwelteinflüssen auf alkaliresistente Glasfasern (ARG) 
appliziert. Die nanostrukturierten und funktionalisierten traditionellen Glasfasern 
zeigen signifikant verbesserte mechanische Eigenschaften und Korrosionsbestän-
digkeit. Die Frühwarnung des Materialversagens kann durch Carbon Nanotubes, 
konzentriert in der Grenzschicht der Composites, erreicht werden. 
1 Introduction 
Most solid materials have microcracks on surfaces. For glass and other brittle materials, mi-
crocracks on surfaces cause the measured mechanical properties significantly lower than their 
theoretical values. The nanoscale defects providing extra stress at the tip of the cracks can 
lead to stress-corrosion cracking at low stress level, particularly in a humid environment. Our 
recent work showed that the surface critical flaws have sizes in a range of a few hundred na-
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nometres which encouraged us to investigate whether the nano-reinforcements with similar 
size functions have a crucial role for healing [1]. Healing nanoscale surface microcracks and 
enhancing materials’ lifetime by nanocoatings (Fig. 1a), are therefore important for many 
traditional materials.   
To detect the initiation and growth of microcracks in solid materials at an early stage is usual-
ly difficult. In absence of an advance warning, the prevention of catastrophic failure of the 
materials is thus almost impossible. Early detection of microcracks and eventually utilization 
of microcracks remain one of the most challenging tasks in materials science. In this work, 
we manufacture the single MWCNT-glass fibre as an in-situ sensor tracking the microcracks 
[2,3]. As schematically shown in Figure 1b, we made a rational use of the microcrack associ-
ated with fibre breakage as a trench structure, which is bridged with carbon nanotubes con-
centrated in the fibre/matrix interphase. The electrical resistance was real-time monitored 
during the deformation process of composite and the fracture of composite was predicted in 
advance.  
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Fig. 1:  Nano-reinforcements in fibre/matrix interphases. (a) Schematics of nanostructured coatings 
with MWCNTs or layered silicate network on glass fibre surface to enhance flaw healing ef-
fect and corrosion resistance. The inserts show polymer/MWCNTs network by SEM and in-
dividual surface functionalized nanotube structure by TEM. (b) The single MWCNT-glass 
fibre is used to monitor the initiation and growth of microcracks in composites, which demon-
strates distinctive capability of early warning before the catastrophic fracture of material. 
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2 Experimental  
The control ARG fibres with diameter of 17 µm utilized in this work were made at our insti-
tute. During the continuous spinning process, the ARG fibres were in-situ sized by an alkali-
resistant sizing consisting of silane coupling agent, γ-aminopropyl-triethoxysilane, in con-
junction with film formers and nanoparticles in the aqueous sizing, namely S1. The 0.2 wt% 
surface functionalized MWCNTs (IFW Drsden, Germany) are dispersed in the epoxy film 
former based sizing. We applied surface coatings to the control ARG using either two kinds 
of styrene-butadiene copolymers with different Tg values (C1) or a commercial self-
crosslinking styrene-butadiene copolymer (C2) in aqueous solvent of water. The organo-clay 
particles (Nanofil 15, Süd-Chemie AG, Moosburg, Germany) in maleic anhydride grafted 
polypropylene with a size of about 60 to 130 nm are dispersed (1 wt%) in the obtained solu-
tion. We extracted the fibres in selected highly concentrated aqueous alkaline solution (5 wt 
% NaOH, pH of 14) at 20 oC for seven days, which is the most aggressive and corrosive con-
dition to the fibre surface. To manufacture the single MWCNT-glass fibre as an in-situ sen-
sor, either dipping deposition (DIP) or electrophoretic deposition (EDP-G) of MWCNTs 
(NC3101, Nanocyl S.A., Belgium) onto glass fibre surfaces were conducted. To make model 
composites, a single or three individual fibres were then mounted within a dog-bone shaped 
mould, where a commercial DGEBA-based epoxy resin and curing agent (Hexion Specialty 
Chemicals Stuttgart GmbH, Germany) were thoroughly mixed and degassed prior to pouring 
in the mould as polymer matrix.  
The tensile strength of single fibre was measured using the FAVIGRAPH Semiautomatic 
Equipment (Textechno Mönchengladbach, Germany) with test velocity 10 mm/min and the 
gauge length of 20 mm equipped with a 10 N force cell. To verify the effect of surface prop-
erties on the statistical distribution of fibre tensile strength, the cumulative fracture probabil-
ity, F, was fitted by single Weibull distribution model through the least squares method and 
the Weibull modulus mo was calculated. Both single-fibre pull-out test and single fibre frag-
mentation tests were used for assessing interfacial shear strength. The pull-out test was car-
ried out on a self-made pull-out apparatus with force accuracy of 1 mN and displacement 
accuracy of 0.07 µm with identical pull-out velocities (0.01 µm/s) at ambient temperature. 
The local interfacial adhesion strength, τd, and the critical interphase energy release rate, Gic, 
can be determined. The electrical resistance of the single fibre model composite under tensile 
load was monitored simultaneously with mechanical stress-strain behaviour. The stress-strain 
curve was detected by FAVIGRAPH Semiautomatic Equipment with test velocity 0.2 
mm/min. Keithley 2000 multimeter and Keithley 6517Α high resistance meter were used for 
the electrical resistance measurement and the ends of samples and test grips were painted by 
silver paste in order to form ohmic contact. The MWNTs-glass fibre surface and composite 
interphase properties were studied using ultra high resolution field emission scanning elec-
tron microscopy (FE-SEM Ultra 55, Carl Zeiss SMT AG, Germany) and atomic force mi-
croscopy (AFM, a Digital Instruments D3100, USA). AFM modes of tapping, Lift Mode 
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electric force microscopy (EFM) and nanoindentation were performed to obtain topography, 
morphological, electric force images and nanomechanical stiffness, respectively.  
3 Results and Discussion   
3.1 Fibre Tensile Strength   
We first investigated the tensile performance of the single fibres (Fig. 2a). The fibre strength 
increased up to 70 % and 25 % for sized fibre with 1 wt% loading of MWCNTs or or-
ganoclay in the sizing or coating, respectively. Because the critical flaws which limit the 
strength of fibres are located at the surface, the fibre fracture behaviour is strongly affected 
by the variation of coating properties. The varied breaking strength of glass fibre can be at-
tributed to the distribution in flaw severity along the fibre length, where micro-cracks can be 
inherent to the glass itself or a result of the manufacturing process and handling of the fibre. 
Interestingly, as shown in Fig. 2b, both the Weibull plot lines and Weibull modulus, mo, of 
coated systems shifts to higher values than those of the control. This indicates that the 
strength-controlling surface defects have lower heterogeneity distribution and the size of de-
fects is reduced after healing. In other words, the healed flaws on the coated fibres show 
similar flaw size, severity and homogeneity compared to those on the control fibres.  
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Fig. 2:  (a) Effect of the nanostructured coatings with low fraction of nano-reinforcements on the 
tensile strength of ARG before and after alkaline treatment in 5 wt% NaOH aqueous solution 
for seven days in an ambient environment. Error bars represent standard deviations for the es-
timate of the mean strength of fifty samples. (b)  Weibull plots of fibre fracture probability.  
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Additionally, the effects of alkaline attacks on the average fibre strength are also compared in 
Fig. 2a. It is evident that the sample of clay coatings would not yield a significant strength 
reduction upon alkali treatment. However, a significant strength reduction for systems with 
nanotube sizings occurred. This can be partly compensated by an additional styrene-
butadiene coating with carboxylic groups, which shows an enhanced alkali-resistance as de-
termined by the marginal strength reduction. Therefore, the durability and alkali-resistance 
are also improved, particularly the fibre with organoclay coatings. Overall, the coated fibres 
have higher strength values than the control one after alkaline corrosion, reflecting the im-
proved environmental durability for fibres with nanostructured coatings. 
Potential mechanisms include the contributions of different factors for the mechanical prop-
erty improvement by reducing the fibre surface flaw formation and crack growth. Note that 
the polymer coatings have Young’s moduli that are typically several orders of magnitude 
lower than the glass fibre, and therefore do not bear a significant portion of the mechanical 
load. Although the polymer coatings do not increase strength, they have the important func-
tion of protecting the glass surface from abrasion and chemical damage, which in turn would 
degrade glass fibre strength. The coating layer with organosilicate plates could prevent mois-
ture/alkali contact and reaction with glass lattice at a crack tip (stress corrosion). The acidic 
groups of coating molecular interact with or absorb free cations and anions of environment 
leading to a slow-down of the corrosion process. Secondly, stress-redistribution and crack 
stopping mechanisms can be achieved by coatings and nanotube’s ‘bridging’ effect and inter-
face debonding/plastic deformation around crack tip. The mechanical ‘healing’ effect was 
viewed as a disappearance of the severe surface flaws because of an increase of the crack tip 
radius, the flaw filled by coatings being either elliptical than sharp. Thirdly, compressive 
stress on fibre surface might prevent crack opening/propagation by the shrinkage of polymer 
due to solidification. Specifically, solidification of coating polymers is normally accompa-
nied by shrinkage as liquid evaporation (solvent removal) and curing (chemical reaction) 
occurs, which generates a tensile stress within the polymer layer and a compressive stress 
within the surface of substrate. To simplify the complex phenomena, we developed a simple 
mechanical model based on Griffith fracture mechanics to roughly estimate the strength of 
coated fibre. A smoothly coated fibre loaded in tension and having a thin circumferential 
crack was assumed (Fig. 3(a)), where the strain energy is released in a material volume adja-
cent to the crack when the crack appears. According to the energy balance, the coated fibre 
strength, σf, can be expressed as 
))/1((
2
*
f
c
f
ff
E
EdLLa
E
+
−
=>
β
γ
σσ  
 (1) 
where γ is fracture surface energy and β is a constant coefficient of proportionality. Ef and Ec 
are Young’s modulus of fibre and coatings, respectively. We used an apparent crack length 
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a* instead of a to take into account geometrical influences of surface defects arising from 
either coatings filling of crack tip or surface roughness. Notably, the critical tensile stress of 
fibre with a surface flaw, fσ , is significantly affected by the coating modulus and thickness. 
Accordingly, we propose a nondimensional healing efficiency factor, ϕ = L(1+L/d)Ec/βa*Ef  
as an indication of whether the fibre is sufficiently coated and how the reinforcement effect is 
degraded by environmental corrosion. Therefore, the strength improvement ratio, η, can be 
related to a healing efficiency factor, ϕ, as  
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where σo = (2γEf /βa*)1/2 is the strength of the fibre without coatings. More rigorous analysis 
shows that reducing a* to equilibrium interatomic distance, ao, of atoms at force equal to 
zero, σo approaches the ultimate theoretical strength of fibre, σmax = Ef/2π. The healing effi-
ciency factor ranges from zero to one representing conditions from non-coating/poor healing 
case until efficient healing. Overall, our glass fibres with nanotube coatings show the highest 
ϕ  (more close to one) and mechanical strength improvement (Fig. 3(b)). It implies that the 
strength can be improved for fibre with surface defects when the healing efficiency factor is 
more close to one. Generally speaking, the thicker the coating layer and larger the stiffness of 
the coatings the higher is ϕ and tensile strength of the fibre. The larger the size of defect and 
higher the stiffness of fibre, for effective repairing, the thicker and stiffer coatings are re-
quired. Moreover, the variation of healing efficiency factor indicates how strong the re-
sistance of the coatings subjected to environmental attack, i.e., no significant reduction of ϕ 
for nanoclay coatings after alkaline treatment represents its high environmental barrier and 
anti-corrosion property.  
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Fig. 3:  (a) A sketch of a coated fibre with a surface flaw. The fibre is loaded in tensile stress s and the 
circumferential surface flaw of length a serves as an initial crack. The fibre diameter and coat-
ing thickness are given by d and L, respectively, where a and L are much less than d. (b) Re-
sponse of strength variation ratio η to healing efficiency factor ϕ. 
3.2 Interfacial Shear Strength 
In order to investigate whether the nanocoatings could affect interfacial adhesion, we next 
tested the both concrete and epoxy matrix composites with nanocomposite coated ARG fi-
bres. In comparison of the systems without clay (see Table 1), the sized fibre with clay shows 
a significantly higher local interfacial shear strength τd and critical interfacial energy release 
rate Gic. We applied additional polymer coating with clay on the sized fibre which shows the 
best performance. The significant increase in adhesion strength is attributed to the mechani-
cal properties and thickness of the hybrid nanocoatings, influencing interface integration and 
stress concentration. Besides, the coating with clay results in a much less degradation due to 
limited access of the aggressive alkali solution, which consequently increases the frictional 
component of bond. Fig. 4 shows the birefringence patterns under polarized light of single 
MWCNT–glass fibre model composites together with the schemes for these interphases and 
the stress profiles along the fibre when the fragment number reached saturation. The interfa-
cial shear strength of single fibre coated with MWCNTs in epoxy matrix exhibited more than 
30 % improvement according to the measurement of the fibre fragment length, irrespective of 
whether the coating includes silane coupling agent or not. Through focusing on the fibre 
break point, the apparent matrix crack failure mode could be observed in the coated fibre 
samples, which indicated improved interfacial strength due to the presence of the MWCNT 
coating. From mechanics point of view, the stress transfer behaviour between fibre and ma-
trix should be strongly affected by interfacial crack initiation and propagation when 
MWCNTs were extensively distributed in the interphase region. The cross-sectional observa-
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tion of MWCNT-glass fibre/epoxy composite by SEM and AFM confirmed that most nano-
tubes located in the interphase region with higher interphase stiffness as indicated by 
nanoindentation (Fig. 5). This is likely to involve mechanical interlinking (anchor effect) of 
carbon nanotubes against matrix deformation/ cracking. We suggest that different nanotube 
related toughening mechanisms underlie the multi-scale interfacial fracture behaviour, in-
cluding glass fibre/nanotube/matrix interfacial debonding, nanotube pull-out, and interfacial 
crack bridging.  
Table 1:  Local interfacial shear strength, τd, and critical interfacial energy release rate, Gic, of 
ARG fibre reinforced cement composites 
Fibre/Matrix τd 
[MPa] 
Gic   
[J/m2] 
ARG Control/Cement 
ARG Coating C2/Cement 
ARG S1+Clay/Cement 
ARG S1+Coating K+Clay/Cement 
 
23 
25 
34 
57 
0.6 
0.7 
2.2 
5.7 
 
 
 
Fig. 4:  The stress profiles along the fibre axis as a function of position when fracture number reaches 
its saturation; the birefringence patterns are shown by cross-polarized light for saturation at a 
magnification of ten. Insert images are the enlarged views of broken points, the interfacial 
debonding failure mode for control and the matrix crack failure mode for EPD-G and DIP 
systems were observed.  
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Fig. 5:  (a) FE-SEM and (b) EFM images of MWCNT rich interphase in MWCNT-glass/epoxy com-
posite; (c) schematic diagram for electrical mapping cross-section of composites with 
MWCNT rich interphase by Lift Mode EFM; (d) typical nanoindentation force curves on fi-
bre, interphase and epoxy represent the cantilever deflection signal for one complete exten-
sion/retraction indentation cycle of the piezo. The initial slope k of the retracting curve 
represents the cantilever deflection signal versus voltage applied to the piezo (i.e. indentation 
displacement in the vertical direction). A softer material would result in less deflection of the 
cantilever under a given indentation displacement, which provides qualitative information 
about the elasticity of specimen surface. The slope of indentation on interphase showing high-
er value than that of indentation on epoxy matrix actually demonstrates the higher stiffness of 
interphase. Based on calibration of the deflection sensitivity, the calculated values of contact 
stiffness are 103 N/m, 90 N/m and 62 N/m for glass, interphase and epoxy, respectively.     
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3.3 Early Warning of Composite Failure 
Figure 6 characterizes the piezoresistive response of the composite with a single MWCNT-
glass fibre or three individual MWCNT-glass fibres to the external loading. The electrical 
resistance monotonously increases with the applied strain (Fig. 6 (a)) behaving like a variable 
resistor, but the slope of relative resistance (ΔR/R0) curve is varied with typical three stages. 
At the first stage, the relative electrical resistance increases almost linearly proportional to 
strain up to approximately 1.5 %, caused by dimensional change of MWCNT networks in the 
interphase. At higher strains, the slope of the resistance-strain curve increases exponentially 
proportional to strain, suggesting an irreversible resistance transition, associated with exten-
sive concentration of stresses in interphases, increase of nanotube-nanotube interspace and 
loss of contact points. At the third stage, owing to the initiation and growth of microcracks in 
composite, the MWCNT networks nearby are completely disconnected and the resistance 
jumps to significantly higher value which is out of measurable range at a strain of 3.0 %. Fi-
nally, the microcracks continue to propagate leading to the fracture of composite at a strain of 
about 3.4 %. The micromechanisms of damage in composites have been extensively studied 
for decades and the interphase has always been recognized as a key region in the failure pro-
cess. In our composites, the electric current only passes through the interphase region and 
both the fibre and the surrounding matrix remain electrically insulating, thereby the electric 
conduction mechanism is different from traditional CNT composites fabricated by dispersing 
CNTs into polymers or inserting an electric wire/carbon fibre. As a consequence, the unique 
early warning ability for detecting microcracks in interphase and sensitivity for material 
health using MWCNT-glass fibre sensor is highlighted, whichever fibre or matrix breaks 
firstly.  To get timely more predictive signal, we embedded three individual fibres into the 
matrix and monitored the variation of resistance (Fig. 6(b)). The resistance sharply step-wise 
increases with the three fibres broken one by one, which acted as three variable resistors con-
nected in parallel. Obviously, the multi-individual fibres composite improves the early warn-
ing capability and sensitivity for material health. 
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 (a) 
 
 (b) 
Fig. 6:  In-situ sensor of a single fibre model composite for early warning of composite failure. (a)  
Simultaneous change of electrical resistance and tensile stress as a function of tensile strain. 
Inserted figures are the photoelastic profiles during tensile process corresponding to the 
ΔR/R0 value at various stages. (b) The function of early warning is optimized through three 
individual fibres in the composite.   
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4 Conclusions 
Functional nanocomposite coatings for healing surface microcracks of glass fibres and early 
warning of materials fracture were developed. We found that, with low fraction of nanorein-
forcements, the nanostructured and functionalised traditional glass fibres show significantly 
improved both mechanical properties and alkaline corrosion resistance. The most remarkable 
mechanical strength improvement with the highest healing efficiency factor is found for glass 
fibres with nanotube coatings, where the coating modulus, thickness and roughness are re-
sponsible for the mechanical enhancement. The glass fibres coated with clay nanocomposites 
present a significantly less damage caused by the diffusing alkali ions, giving rise to the 
highest residual tensile strength after ageing. Besides, nanocomposite coatings result in im-
proved fibre/matrix interfacial shear strength. Importantly, we have demonstrated for the first 
time that the MWCNT-glass fibres were able to detect and make utility of microcracks as 
real-time in-situ sensors for early warning catastrophic failure of materials.  
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